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The rapidity of decomposition of different organic substances of either 
plant or animal origin in soil is controlled largely by four distinct factors: 


(a) The chemical composition of the organic material, which, in the case of plants and 
plant remains, depends primarily upon the nature and age of the plant as well as upon the 
conditions of its nutrition. (b) The presence of sufficient nitrogen to enable the micro- 
organisms bringing about the decomposition to carry out this process in the shortest possible 
time; in the case of nitrogen-rich plant residues, as in young plants used for green manuring 
purposes, or legume residues, this never becomes a limiting factor; however, in the case of 
plant residues poor in nitrogen, such as straw, the problem may become one of considerable 
importance. (c) The nature of microdrganisms active in the decomposition processes. 
(d) The environmental conditions at which decomposition is carried out, especially aeration, 
moisture supply, soil reaction, and temperature. 


To throw light upon these important phases of the problem of decom- 
position of organic residues in the soil, the following experiments were under- 
taken. Four different plant materials, varying distinctly in chemical com- 
position, were selected for this purpose; namely, (a) mature corn stalks (and 
leaves); (b) rye straw; (c) mature, yellow oak leaves, freshly fallen to the 
ground; (d) mature alfalfa plants, freshly harvested. 

Each of these plant materials was collected in sufficient quantity and passed 
separately through a chopper, which cut them into small pieces. After the 
moisture content of the plant material was determined, a sufficient quantity 
of each was added to a series of glazed earthenware pots, to give 200 to 280 gm. 
of dry material in each pot. Sufficient water was then added to each pot to 
bring the total moisture content of the compost to 66.6 per cent, or to 200 per 
cent moisture on the basis of the dry organic matter. 

Half of the pots received a mineral solution containing 1 gm. (NH)2HPO,, 
1 gm. KzHPO,, and 2 gm. CaCO;. The nutrients thus added were far from 
sufficient to allow a very rapid decomposition of the nitrogen poor plant ma- 
terials, such as the rye straw; at least five times as much additional nitrogen 
would have been required by the microérganisms for the complete decomposi- 
tion of the celluloses and hemicelluloses in this plant material. All the pots 
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were inoculated with a suspension of fresh soil, covered with plates, and 
incubated at 25 to 28°C. 

At intervals, the residual organic matter in each pot was weighed, the 
moisture content determined, and an aliquot portion taken for analysis: The 
results were always calculated on the basis of both the percentage of the 
residual material and the total original material, making thereby due 
allowance for the samples removed at different times for chemical analysis; 
the last calculation would enable one to determine just how much of the total 
amount of each of the different plant constituents had been decomposed in 
the given period of time. 

Various methods have been used in the past for following the course of 
decomposition by microérganisms of plant material or animal residues, either 
in soil or in compost. These methods were usually based upon measuring 
only one product of decomposition, such as ammonia and frequently nitrate 
or carbon dioxide. The assumption was thereby made that under a definite 
set of conditions, the liberation of these various products of microbial metabo-: 
lism runs parallel to the total decomposition of the organic residues as a whole 
as well as of their various constituents. This assumption is not always 
justified. In the case of a plant substance containing only a small amount 
of nitrogen, very little free ammonia or nitrate will be produced even after 
considerable decomposition has taken place. This is because most of the 
inorganic nitrogen, which becomes liberated as a result of the decomposition 
of the organic nitrogenous constituents of the plant substance, is reassimilated 
by the microdrganisms; the latter utilize the energy liberated in the process 
of decomposition of the celluloses and hemicelluloses. Evolution of carbon 
dioxide is a more direct index of decomposition, although the disintegration 
of the same amount of cellulose will yield varying amounts of carbon dioxide 
when carried out by different organisms and under different conditions. 
Further, this method tells nothing at all as to the particular chemical complexes 
among the plant constituents which are undergoing decomposition. To speak 
of the decomposition of the plant material as a whole, as measured by the 
evolution of carbon dioxide, is to neglect the nature of the numerous chemical 
processes which are taking place thereby. Another important limitation of 
these methods for studying decomposition of organic matter is that little in- 
formation is gained concerning the chemical nature of the residual material 
which results from decomposition and which goes to increase the “humus” 
ccntent of the soil. 

Attempts have been made in some instances to measure the decomposition 
of plant material either by determining the total reduction in the bulk of the 
organic matter or by measuring the disappearance of one of the important 
constituents. However, the mere fact that 40, 60, or 80 per cent of the 
organic matter of the specific plant material has disappeared, under certain 
conditions of decomposition and in a definite period of time, supplies no in- 
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formation whatsoever concerning the chemical changes that have taken place 
in the various constituents. 

Studies dealing with the disappearance of specific chemical complexes in 
the organic material undergoing decomposition have been limited largely to 
the celluloses and hemicelluloses. Barthel and Bengtsson (2) have shown 
that the decomposition of celluloses in plant residues depends upon the nature 
of the plant and upon the amount of available nitrogen. Cellulose in the 
stubble and roots of legumes decomposed more slowly than did cellulose in 
the roots of cereal straws. This was explained by the greater content of 
nitrogen-free, non-cellulosic, carbonaceous materials in the former than in the 
latter. Fraps (5) observed that, as a result of decomposition of different plant 
materials in soil for a period of eight weeks, there were left 7 per cent of the 
pentosan in cotton seed meal, 31 per cent of the pentosan in Sudan grass, 61 
per cent of the pentosan in rice bran, and 75 per cent of the pentosan in sheep 
manure. These results point definitely to differences in the decomposition of 
the same group of organic complexes in different plant materials. 

Schmidt, Peterson, and Fred (11) found that when corn fodder and rye 
straw were undergoing decomposition under the same conditions, the former 
lost 50 per cent of its pentosans in 100 days and the latter only 35 per cent in 
300 days; they also observed that common fungi synthesize pentosans, even 
in media free from pentose material. According to Rege (9), 80 per cent of 
the pentosan in fresh rye straw, when the straw is allowed to decompose under 
favorable conditions, disappeared in 40 days; in fact during the early period 
of decomposition, that is between the fourth and eighth days, practically all 
the loss in dry matter was accounted for almost entirely by the loss of pentosan. 

Very few attempts have been made to measure the rate of disappearance of 
the various chemical complexes in the decomposing plant materials. The 
investigations of Egorov (6), Bach (1), and König (7) can be summarized as 
follows: During the early stages of decomposition of plant materials in soil 
or in compost, the pentosans disappear more rapidly than do the total organic 
constituents of the material, and even more rapidly than do the celluloses. 
After considerable decomposition has taken place, the celluloses are found to 
disappear more quickly than the hemicelluloses (including the pentosans). 
The rate of decomposition.of both hemicelluloses and celluloses is greater than 
that of the total organic matter, as shown by the amount of residual ma- 
terial. Organic nitrogenous compounds tend to accumulate, especially in the 
case of nitrogen-poor organic residues, so that the total protein content of the 
residual undecomposed material diminishes only slowly when compared with 
the rate of disappearance of the total organic matter. Lignins seem to be 
resistant to decomposition, more so than any other group of the major plant 
constituents; they are found, therefore, to accumulate in the process of 
decomposition of plant residues, with certain few exceptions. 

Bach (1) found that when stable manure is added to the soil and allowed to 
decompose, the per cent of carbon in the residual organic matter increases 
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from an initial 47 to 51 per cent to 58 per cent. This was explained by the 
fact that the celluloses and pentosans originally present in the fresh manure 
contained 44.44 and 45.44 per cent of carbon respectively, while the lignins 
and cutins contained 67.31 to 71.35 per cent of carbon. As a result of decom- 
position, the celluloses and pentosans disappear rapidly while the lignins and 
cutins accumulate, thus leading to a gradual increase in carbon content. 

Rose and Lisse (10), analyzing wood at different stages of decomposition, 
and Bray and Andrews (3) working with pure cultures of fungi, also demon- 
strated that, in the decomposition of wood by various Hymenomycetes, the 
pentosans and celluloses are first to disappear, whereas the lignins are prac- 
tically resistant to decomposition. Only very few fungi, namely those causing 
the “white rots,” are capable of decomposing lignins as well as celluloses (4). 
The common wood-destroying fungus Merulius lacrymans decomposes the 
celluloses while the lignins are left; these are converted partly into depoly- 
merized and split substances of a “humin-like” nature. 

It has also been found that, as a result of the decomposition of plant sub- 
stances there is a marked increase in the alkali-soluble material of the undecom- 
posed or accumulated residues. The tendency has been to explain this 
phenomenon eitħer by a modification of the lignin molecule, making it more 
readily soluble in alkali, or by the formation of some intermediary products 
of cellulose decomposition soluble in alkalies. 

Waksman and Tenney (14) came to the conclusion, as a result of studies on 
the decomposition of the rye plant harvested at different stages of growth, 
that the water-soluble organic substances are first to be decomposed in the 
soil by microörganisms. This is soon followed by an attack upon the pentosans 
and at the same time, or immediately after, upon the celluloses. Although 
the plant residues contain a larger amount of celluloses than of hemicelluloses 
and although the latter begin to undergo decomposition sooner than the former, 
the celluloses disappear sooner and more completely than the hemicelluloses. 
This was explained by the fact that, whereas pentosans may be attacked 
more quickly and by a greater variety of microörganisms than celluloses, 
other hemicelluloses (galactans, mannans) may be more resistant; further, as 
a result of the growth of microörganisms upon the plant residues, considerable 
quantities of hemicelluloses are synthesized in the form of bacterial and fungus 
slimes and gums. The lignins were found to be more resistant to decomposi- 
tion and tend to accumulate in the soil. The plant proteins are readily 
decomposed, but very little nitrogen becomes liberated in the soil as ammonia, 
as long as there is left a considerable amount of undecomposed cellulose and 
pentosan. Accompanying the decomposition of these carbohydrates, con- 
siderable synthesis of microbial proteins takes place. This synthesis is also 
a result of the growth of the microdrganisms bringing about the decomposition 
of the organic matter. 

The dark residues resulting from the decomposition of the plant material, 
or the so-called “humus” tends to have the following composition: a large 
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amount of lignins or modified lignins of plant origin; a large amount of protein 
of microbial origin; a fairly high hemicellulose content, partly of plant and 
partly of microbial origin; small amounts of plant constituents still undergoing 
decomposition, such as celluloses and ether-soluble substances; small amounts 
of other synthesized microbial products, some of which are undergoing decom- 
position, as various fatty substances, chitinous materials and nitrogenous 
complexes. 

An attempt will be made in this paper to elucidate the problem of decom- 
position of different plant materials under aerobic conditions, to establish 
the relation between the different organic plant constituents in the process of 


TABLE 1 
Proximate composition of plant materials used for decomposition studies 
On per cent basis of dry material 

CHEMICAL CONSTITUENTS sratxs | smaw | saves | Prants 
Ether-soluble fraction................0.-- ...| 1.80 1.84 3.71 2.75 
Cold-water-soluble............ccsceeeecceeees 10.58 4.51 8.28 12.44 
(Reducing sugar)............. cee cece eee ence (6.00) (0.88) (2.73) (1.31) 
Hot-water-soluble............ 00. ee ceeeeeeeee 3.56 1.75 5.65 4.80 
(Alcohol-soluble*)...........cscceeeeeececnaes (4.19) (3.49) (5.92) (7 .66) 
Hemicelluloses..........cccccsecccecseceeeees 17 .63 21.10 12.93 8.52 
Celluloses E veerieets 29 .67 38.62 13.78 26.71 
Lignin e aanerer en n e eia 11.28 14.63 30.30 10.78 
Crude protein. necedi 1.98 0.81 4.25 8.13 
(Total nitrogen)... .....esesusssessecsesrses (0.66) (0.24) (0.77) (2.58) 
ASh 65 6.33 E SEE TERN ymees E 7.53 4.18 5.09 10.30 


* The alcohol-soluble fraction was determined on a separate sample. In view of the fact 
that this fraction was not determined in the decomposed material, it is left out of further 
consideration; it is given here, however, merely for the purpose of comparison. 


decomposition, and to throw further light upon the rôle of microdrganisms in 
the processes of decomposition and synthesis. 

It is quite essential, in a study of this nature, to be able to make as complete 
an analysis of the organic plant constituents as possible. Such an analysis 
has been proposed elsewhere (12) and was used to considerable advantage for 
determining the proximate composition of various plant materials. It was 
found that, by this method of analysis, 85 to 96 per cent of the plant con- 
stituents (except in the case of mosses) could be accounted for. No attempt 
has been made to measure those complexes which occur in the plant in con- 
centrations of less than one per cent. 

The following organic complexes are accounted for in this method: 


(a) cold-water-soluble substances, including the sugars and amino acids; (b) hot-water- 
soluble substances, including starches, pectins, tannins, and uric acid; (c) hemicelluloses, 
determined by hydrolysis with hot dilute mineral acid and measured in the form of reducing 
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sugars; (d) celluloses, determined by hydrolysis with cold 80 per cent sulfuric acid followed 
by boiling for several hours, after diluting with 15 volumes of water; (e) lignins, as deter- 
mined by their insolubility in cold 80 per cent sulfuric acid, with ash and nitrogen accounted 
for; (f) ether-soluble substances, including fats and waxes; (g) crude proteins. 


In view of the fact that the alcohol-soluble fraction is not included in the 
following analyses, the results will be short 3.5 to 7.5 per cent of the plant 
constituents. However, since the same method has been used in the analysis 
of both the fresh material and the decomposed residues, the results are found 
to be comparable. The proximate chemical composition of the four materials 
used in the following investigations is given in table 1. The corn stalks were 
harvested when mature but not fully dry, some of the leaves being still green. 
The rye straw was in a fully mature stage, as shown by the low nitrogen 


TABLE 2 


Chemical composition of corn stalks and decomposed residue at different stages of decomposition, 
without the addition of nutrient salts 


On per cent basis of dry material 
ORIGINAL AFTER DAYS OF DECOMPOSITION 
CHEMICAL CONSTITUENTS PLANT 

MATERIAL | = 27 68 205 405 
Ether-soluble...........cc esc ceeceeeeeesceee 1.80] 1.97 | 0.96) 0.78] 0.35 
Cold-water-soluble...........:.ccceeeceeecees 10.58 | 3.37 | 5.74 | 2.80} 4.28 
Hot-water-soluble.............. cc ccceceecees 3.56 | 2.50] 3.02] 4.41] 9.19 
Hemicelluloses............ccccecescevevecees 17.63 | 16.34 | 15.93 | 15.35 | 10.74 
Cellulöses. sissoo tanane ta aaiae 29.67 | 26.36 | 22.50 | 13.39 | 4.78 
DT aN T AA E E 11.28 | 18.26 | 19.66 | 23.44 | 23.86 
Crude protein, ......... cc ces ce cece cece ceees 1.98 | 4.37 | 4.69 | 9.00 | 12.97 
ASD iis EAE E E nae uc 753 | vide Pardee 19.16 | 26.63 


content. The oak leaves were also mature and recently fallen; they were 
collected from the surface of ground under the trees, The alfalfa plants were 
freshly harvested in the fall of the year. 

Attention should be called to the fact that the crude protein figures indicate 
the total nitrogen minus the water-soluble nitrogen, the difference being multi- 
plied by 6.25. The total nitrogen figures are given separately. 


DECOMPOSITION OF CORN STALKS 


The corn stalks contained 66 per cent moisture when harvested, showing 
that they were not as yet fully mature. The material was air-dried and 
subjected to a detailed chemical analysis, the results of which are given in 
table 1. For the study of aerobic decomposition, the fresh material was cut 
up immediately and used without preliminary drying. In view of the fact 
that the moisture content of the fresh material was just sufficient for optimum 
aerobic decomposition, no more water was added. The analysis of the dry 
material shows that it contained 10.58 per cent of organic substances soluble 
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in cold water. More than half of this, namely 6 per cent, was in the form of 
reducing sugars. This high concentration of sugar explains the rapid initial 
decomposition of the corn stalks. Out of the 0.66 per cent total nitrogen in 
the dry material, 0.26 per cent, or nearly 40 per cent of the total nitrogen, 


TABLE 3 


Chemical composition of corn stalks and the decomposed residue at different stages of decomposi- 
tion, in the presence of added nutrient salts 
On per cent basis of dry material 


ORIGINAL AFTER DAYS OF DECOMPOSITION 
CHEMICAL, CONSTITUENTS PLANT 

MATERIAL | 27 68 20S 408 
Ether-soluble............00ccceeseseeececees 1.80} 2.22} 0.80] 0.64] 0.25 
Cold-water-soluble.............cc cece ceeeees 10.58 | 3.43] 5.27] 3.96} 4.59 
Hot-water-soluble..............ccceeeeeeeeee 3.56 | 2.45| 3.20] 5.36] 8.71 
Hemicelluloses...........cccceceeeeecceesees 17.63 | 15.56 | 16.41 | 10.68 | 10.39 
Cellulose: esis cicscciss reese lee cae be eeann 29.67 | 23.80 | 21.93 | 6.28) 5.05 
TAQMING escari 5:03 Sates noes costed wea 11.28 | 17.70 | 19.12 | 23.83 | 21.30 
Crude protein.......... cc ccc e eee eeeeneenees 1.98 | 4.81] 6.84) 10.93 | 12.13 
ABW isos vedi s 40s oe be eesee elo sha ca eee as T5583) sais] Adtes 26.12 | 29.43 

TABLE 4 


Total decomposition of the various organic chemical constituents of corn stalks, without the 
addition of nutrient salts 


MATERIAL LEFT AFTER DAYS OF DECOMPOSITION 


ORGANIC CONSTITUENTS career at 68 205 405 
Total Per cent Total Per cent Total Per cent Total Per cent 
residue original residue original residue original residue original 
gm. gm. gm. gm. gm. 
Total dry material....... 203 .00 |129 .00| 63.54/92 .50| 45.60/59 .50} 29.30/41 .20) 20.30 
Ether-soluble fraction....| 3.65} 2.54! 69.59] 0.89) 24.38 0.46) 12.60} 0.14 3.84 
Cold-water-soluble organic 
matter...........2005. 21.48 | 4.35) 20.25) 5.31] 24.72) 1.67) 7.77] 1.76] 8.19 
Hot-water-soluble organic 
matter................ 7.23 | 3.23) 44.67) 2.79) 38.59] 2.45) 33.89) 3.79) 52.42 
Hemicelluloses........... 35.79 | 21.09} 58.93|14.74| 41.18) 9.13) 25.51) 4.42) 12.35 
Celluloses............... 60.24 | 34.00] 56.44/20.81] 34.55] 7.97) 13.23] 1.97) 3.27 
Lignins................, 22.90 | 23.56]/102 88/18 .19} 79.43/13 .95} 60.92) 9.83} 42.93 
Crude protein............ 4.01 | 5.64;140.65| 4.34)108 23! 5.36)133 .67| 5.34)133.17 


was in a water-soluble form. These facts, as well as the low lignin content 
of the corn stalks, account for the rapid disappearance of most of the organic 
constituents in their decomposition, especially in the presence of a small 
amount of inorganic salts of nitrogen, phosphorus, and potassium. 

Tables 2 and 3 give the chemical composition of the corn stalks, with and 
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without the additional nutrients, at different stages of decomposition. Tables 
4 and 5 show the amount of total decomposition that the various organic 
chemical constituents have undergone, in the absence and in the presence of 
added nutrient salts, as shown by the concentrations of the various groups 
left at the different periods of incubation. These figures were obtained by 
multiplying the total residual material (on a dry basis and after allowance 
has been made for the samples removed) by the percentage composition. 
Figures 1 and 2 illustrate the rapidity of transformation of the most im- 
portant groups of organic plant complexes, in the process of decomposition of 
corn stalks, with and without additional nutrient salts. The left hand columns 
represent the abundance of the particular complex in the original undecom- 


TABLE 5 


Total decomposition of the various organic chemical constituents of corn stalks in the presence 
of added nutrient salts 


MATERIAL LEFT AFTER DAYS OF DECOMPOSITION 


ORGANIC CONSTITUENTS T, sd ee ak! eee 
Total [Per cent] Tota] Per cent] Totaj |Per cent] Tota |Per cent 
residue original residue original residue original residue original 

Em. sm. em. gm. gm. 

Total dry material....... 203.00 |107 .30} 52.86/83 .20) 41.00/53 .80} 26.50/45 .70) 22.50 
Ether-soluble fraction... . 3.65 | 2.38) 65.21) 0.67] 18.36) 0.34) 9.32) 0.11) 3.01 
Cold-water-soluble organic! 

Matter.............005 21.48 | 3.67} 17.09] 4.38) 20.39) 2.13} 9.92! 2.10) 9.78 
Hot-water-soluble organic 

matter...........0000. 7.23 | 2.62) 36.24) 2.66) 36.79} 2.88) 39.83) 3.98) 55.05 
Hemicelluloses........... 35.79 | 16.65) 46.52/13 65) 38.14) 5.75} 16.07) 4.75] 13.27 
Celluloses............... 60.24 | 25.46} 42.26118.25| 30.30] 3.38} 5.61) 2.31! 3.83 
Lignins................. 22.90 | 18. 82.7115 91! 69.48/12 82) 55.98] 9.73) 42.49 
Crude protein............ 4.01 | 5.16/128 68) 5.69|141 .90! 5.88/146.63) 5.54)138.15 


posed plant material, on the basis of 100 per cent. The second column to the 

„ Tight of it represents the concentration, in per cent, of the particular complex 
at the time of the first sampling, namely after 27 days; the third, fourth, and 
fifth columns to the right represent the concentrations of the particular complex 
at the second, third, and fourth sampling; namely, after 68, 205, and 405 days, 
respectively. 

Both the tables and figures give a fair idea of the processes which have been 
taking place in the decomposition of corn stalks under aerobic conditions. 
The addition of inorganic nutrients exerted a decidedly favorable effect upon 
the early stages of decomposition of the total organic matter, especially of 
the celluloses and hemicelluloses. After 27 days, 36.5 per cent of the total 
organic constituents of the corn stalks disappeared in the absence of the 
additional salts and 47.1 per cent in their presence; 41 per cent of the hemi- 
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celluloses and 43.6 per cent of the celluloses were decomposed in the absence 
of added nutrients, whereas, in their presence, the disappearance of these two 
groups of complexes was 53.5 and 57.7 per cent respectively. These results 
induce certain important conclusions: 1. The addition of available nitrogen 
was responsible for a greater decomposition of the celluloses and hemicelluloses 
in the corn stalks, especially during the early stages of decomposition. 2. Both 
the hemicelluloses and the celluloses disappeared more quickly than the total 
organic matter; this indicates either that synthesis of new complexes has taken 


100 


Per cent of origiasl 


fotel Coldwater. feni- Celluicses Lignine Crude 
material soluble celluloses protein 
a, Original material; bd, Left after 27 days of decomposition; c, Left after 68 days of də- 
eomposition; d, Left after 2065 days of decomposition; ©, Left efter 406 days of decom- 
poet tion. 


Fre. 1. DECOMPOSITION OF VARIOUS CHEMICAL CONSTITUENTS OF CORN STALKS WITHOUT 
ADDITIONAL NUTRIENT SALTS 


place or that some of the more resistant plant complexes have accumulated. 
Both assumptions are correct, as is shown later. 

The favorable effect of additional inorganic nutrients upon decomposition 
is still marked after 68 days of decomposition, but this effect tends to dis- 
appear later. It is interesting to note also that at the beginning of decom- 
position the hemicelluloses decomposed as rapidly as if not more so than 
the celluloses; however, during the latter stages, the celluloses disappeared 
rapidly, while appreciable quantities of hemicellulose were still left in the 
residual compost. 

The cold-water-soluble substances tend to disappear rapidly when decom- 
position sets in. The hot-water-soluble constituents decompose more slowly 
and even tend to accumulate during the later stages of decomposition, no 
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doubt because of the production of synthesized microbial cell substance con- 
taining substances soluble in hot water. The fats and oils, or the ether- 
soluble substances, of the corn stalks were also rapidly decomposed under 
aerobic conditions. 

The lignins and the proteins are the two important complexes among the 
various organic plant constituents which tend to accumulate. The reason for 
their accumulation, however, is not the same in both cases. The lignins are 
more resistant to attack by microdrganisms than are the other groups of plant 
constituents, such as the celluloses, hence they accumulate as the decomposition 


160 


126 


` Total Cold-waten Honi- Oelluiose, Crude 
material soluble eelluloses . Ha Mean Protein 

@, Original material; b, Left after 27 days of decompositions p, Left after 68 days of decome 

position, d, Left after 205 days of decompositions ©, Left after 405 days pf decomposition. 


Fic. 2. DECOMPOSITION OF VARIOUS CHEMICAL CONSTITUENTS OF CORN STALKS WITH 
ADDITIONAL NUTRIENT SALTS 


of the more readily available complexes proceeds further. In 27 days, only 
a small fraction of the lignins of the corn stalks undergoing decomposition 
under aerobic conditions has disappeared; this accounts for the increasing 
concentration of the lignin content of the residual material. The original 
plant substance had only 11.28 per cent lignin; the material decomposed for 
405 days contained twice as much lignin in proportion to the other constit- 
uents. However, there was no absolute preservation of the lignin complex, 
as assumed by some investigators. Under aerobic conditions, the lignins 
gradually decompose, not so rapidly by far as the other chemical complexes, 
but still in a very definite manner; after 405 days, 57.5 per cent of the lignin 
in the corn stalks has actually disappeared. Under anaerobic conditions, the 
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lignins are preserved to a much greater extent, as will be shown in a later 
contribution. 

These results as well as those obtained on the decomposition of the other 
three plant materials prove definitely that lignins decompose under aerobic 
conditions. So far no definite explanation can be submitted concerning the 
nature of the microérganisms active in this process. It is known that certain 
Basidiomycetes are capable of decomposing lignins in the rotting of trees. It 
is also known that lignins disappear partly when digested by animals; the 
limited evidence points to actinomyces as possible agents in the decomposi- 
tion of lignins. Whether one of these three groups of organisms was respon- 
sible for the disappearance of some of the lignins in the decomposition studies 
reported here or all three groups of organisms took a part in the process still 
remains to be established. 


TABLE 6 
Nitrogen transformation in the decomposition of corn stalks 
In per cent of total residual material 


NO ADDITIONAL NITROGEN AMMONIUM PHOSPHATE ADDED 


YORM OF NITROGEN Incubation Incubation 


0 27 | 68 | 205 | 405| 0 27 | 68 | 205 | 405 
days | days | days | days | days | days | days | days | days | days 


—— | | — | | —— | — | — |- — | — — 


Total nitrogen... 0.66;0 95/1 .02/1 .70|2 .4410 .7611 .05/1 .37|2 .10/2 .34 


Soluble in cold water. ........ suea 0.250.130.140 .13/0 .12|0 .35]0 .16/0 .14/0 .14/0 .14 
Soluble in hot water. ......... ouaa 0 .09}0 .12/0 .1310 .13'0 .2510 .09|0 . 1310 14/0 .21/0 .26 
Hydrolizable by 2 per cent HCI. ....... 0.130.230 .36). . . .|0.92/0 . 1310 .2810 .39]. . . .|0.93 


‘Humin” nitrogen, not acted upon by 
autoclaving with 6 per cent H:SQ,... ./0.13 0.240.330 .440.51 0.130.270.3310 .51/0.51 


The increase in the crude protein (insoluble in cold and hot water) with the 
advance of decomposition of the corn stalks was not only relative to the other 
plant constituents, but there was an actual total increase in the amount of 
protein, due to the transformation of the water-soluble nitrogen compounds 
into insoluble complex organic nitrogenous substances. The greatest in- 
crease in the protein content was obtained in those preparations which re- 
ceived inorganic nitrogen salts. The reasons for the increase in the protein as 
a result of decomposition of nitrogen-poor organic plant residues have been 
expounded in detail elsewhere (15). These results throw further light upon 
the problem of synthesis of new protein material as a result of the activities 
of the microörganisms which bring about the decomposition of the celluloses 
and hemicelluloses. The fact that, in the absence of additional nitrogen, the 
increase in the amount of crude protein took place at the expense of the water- 
soluble simple nitrogenous compounds is brought out in table 6. Although 
the total nitrogen of the residual material rapidly increased with the advance 


66 FLORENCE G. TENNEY AND SELMAN A. WAKSMAN 


in decomposition, the water-soluble nitrogen decreased. The acid hydro- 
lizable nitrogen increased even more rapidly than the total nitrogen. It is 
interesting to record the marked increase in the so-called “humin” nitrogen 
or that part of the nitrogen which is found in the lignin fraction. These results 
point definitely to the building up of resistant nitrogenous complexes by the 
microdrganisms. 

As the water-soluble and insoluble nitrogenous compounds, first in the form 
of plant constituents then as constituents of microbial cells undergoing 
decomposition, are repeatedly hydrolized and resynthesized by microérgan- 
isms, more and more of the resistant nitrogenous complexes are produced. 
These are attacked less and less readily, and finally become incorporated in 
the residual material equivalent to the soil “humus” with its large content of 
organic nitrogenous complexes resistant to decomposition. 


TABLE 7 
Chemical composition of rye straw and its decomposition products at different stages of decom- 
position, without the addition of nutrient salts 


On per cent basis of dry material 

CRAT CONUEN ORI rom: AL PLA ANT AFTER DAYS OF DECOMPOSITION 

66 143 386 

Ether-soluble............ 00.0 ce eee cece ees 1.84 1.05 1.33 1.62 
Cold-water-soluble...............e0eeeeeee 4.51 2.12 2.45 1.75 
Hot-water-soluble..............c0cceeceees 1.75 2.19 2.23 2.08 
Hemicelluloses...............00eeeeeeecees 21.10 19.81 21.25 18.18 
Celluloses..........ccccecccccecvecsceuves 38.52 35.33 33.47 30.38 
Lignins a eiss iraan ae aaa r Coens Be -3 14.63 17.53 17.59 18.88 
Crude protein........ ccc cece ec eee eee 0.81 1.69 1.88 2.76 
ASD vex viicnd N EE suseaee 4.18 5.50 5.60 5.72 


DECOMPOSITION OF RYE STRAW 


The chemical composition of the rye straw used in these decomposition 
studies varied in several respects from that of the corn stalks. The straw had 
much less water-soluble material, much less nitrogen, but a larger proportion 
of celluloses, hemicelluloses, and lignins. One would expect from this analysis 
that the decomposition of the straw should proceed at a much slower rate 
than that of the corn stalks. This was actually found to be the case. 

The straw, undergoing decomposition under the same conditions as the corn 
stalks, was analyzed only three times; namely, after 66, 143, and 386 days 
incubation at 25-28°C. Tables 7 and 8 give the chemical composition of the 
straw without and with the same additional inorganic salts at different stages 
of decomposition. Tables 9 and 10 and figures 3 and 4 give the total corre- 
sponding amounts of the different chemical complexes of the fresh and decom- 
posed material at the different stages of decomposition. 
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In comparison with the corn stalks, the rye straw was found to decompose 
very slowly. Although the nature and course of decomposition of the straw 
are similar to that of the corn product, the amount decomposed is con- 
siderably less. At the end of 386 days, nearly three times as much organic 
matter was left from the straw as from the corn stalks. This is due largely 


TABLE 8 


Chemical composition of rye straw and its decomposition products at different stages of decom- 
position, in the presence of added nutrient salts 


On per cent basis of dry material 


ORIGINAL PLANT AFTER DAYS OF DECOMPOSITION 


CHEMICAL CONSTITUENTS MATERIAL 
66 143 386 
Ether-soluble. . 0.0.2.0... 2c. see e ee ee ee eee 1.84 0.92 1.14 0.59 
Cold-water-soluble.................00.000 4.51 2.05 | 2.21 1.76 
Hot-water-soluble................0 sees eee 1.75 1.89 1.81 1.80 
Hemicelluloses..................seeeeeeeee 21.10 19.61 21.10 17.98 
Celluloses.......cccsceseececccescversaces 38.62 33.58 31.02 25.99 
Digning ncen aaea o vais ia 14.63 18.10 18.28 18.43 
Crude protein......... ccc csc e cee eee eens 0.81 2.25 2.38 3.53 
AGH pies ees A E 4.18 6.50 6.50 8.00 
TABLE 9 
Total decomposition of the various organic constituents of rye straw, without the 
addition of nutrient salts 


ORGANIC MATTER LEFT, AFTER DAYS OF DECOMPOSITION 

ORIGINAL 66 143 386 
ORGANIC CONSTITUENTS MATERIAL 
Total [Per cent Tota] (Per cent) Totaj [Per cent 
residue original residue orig al residue original 


em. tm. em. om. 
Total dry material.................. 277.00 |230.00) 83.03/197.00) 71.12|171.00] 61.73 
Ether-soluble fraction............... 5.10 | 2.42] 47.45] 2.62) 51.37) 2.77| 54.31 
Cold-water-soluble organic matter....| 12.49 | 4.88! 39.07] 4.83) 38.67) 2.99) 23.94 
Hot-water-soluble organic matter....) 4.85 | 5.04/103.92/ 4.39] 90.52] 3.56) 73.40 
Hemicelluloses..............0-20085 58.42 | 45.56] 77.99} 41.86] 71.65) 31.09) 53.22 
Celluloses.............0. eee e eee ee 106.66 | 81.25) 76.18} 65.94; 61.82) 51.95) 48.71 
Lignin: oneness ved aaiediecw aes 40.51 | 40.32) 99.53) 34.65] 85.53) 32.28! 79.68 
Crude protein...............eceees 2.25 | 3.88/172.44) 3.70)164.44! 4.72/209.78 


to the insufficient decomposition of the cellulosesand hemicelluloses in the straw: 
at the end of 405 days there was left in the case of the corn stalks 3.27-3.83 
per cent of the celluloses and 12.35-13.27 per cent of the hemicelluloses; 
however, in the case of the straw, there was left, at the end of practically the 
same period of time (386 days) 37.28-48.71 per cent of the celluloses and 47.09 
to 53.22 per cent of the hemicelluloses present in the original material. 
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The lack of available nitrogen was chiefly responsible for the slow decom- 
position of the rye straw, especially of the celluloses and hemicelluloses. 
The amount of inorganic nitrogen added to some of the pots was not suff- 
cient to produce conditions most favorable for decomposition of the straw. 
It resulted only in a somewhat greater reduction of both groups of carbo- 
hydrates than in the straw not receiving any additional available nitrogen. 

Here also the lignins proved to be more resistant to decomposition than the 
other constituents of the straw. Likewise, the reduction in total organic 
matter was less than the decrease of celluloses and hemicelluloses. The total 
organic matter was reduced by 38.3 per cent in the absence of additional 
nitrogen and by 44.8 per cent in its presence. However, the celluloses were 
reduced by 51.3 and 62.7 per cent and the hemicelluloses by 46.8 and 52.9 


TABLE 10 


Total decomposition of the various organic chemical constituents of rye straw, in the presence 
of added nutrient salts 


ORGANIC MATTER LEFT, AFTER DAYS OF DECOMPOSITION 
ORIGINAL 66 143 386 
ORGANIC CONSTITUENTS ATERIAT 
Total Pa cent) Total Pers cent! Tota) |Per cent 
o! 
residue original residue original residue original 


em. gm. em im. 
Total dry material.................. 277 .00 |221 .00| 79.78]170.00) 61.37/153.00| 55.23 
Ether-soluble-fraction............... 5.10 | 2.03) 39.80) 1.94; 38.04) 0.90) 17.65 
Cold-water-soluble organic matter....| 12.49 | 4.53) 36.27| 3.76) 30.10} 2.69] 21.54 
Hot-water-soluble organic matter....| 4.85 | 4.18) 86.19} 3.08) 63.51) 2.75) 56.70 
Hemicelluloses..............2e00005 58.42 | 43.34] 74.19) 35.87) 61.40) 27.51) 47.09 
Celluloses........ ccc ccc eeeceeeces 106.66 | 74.21) 69.58) 52.73) 49.44! 39.76) 37.28 
TAQMING oeer sa a even telen 40.51 | 40.00] 98.74) 31.08) 76.72] 28.20) 69.61 
Crude protein...........cceeeee sees 2.25 | 4.97/220.88) 4.05)180.00) 5.40|240.00 


per cent respectively. In other words, these two groups of carbohydrates, 
which make up 60 per cent of the total constituents of the straw, diminished 
to a considerably greater extent than did the total organic matter. This 
reduction was balanced by the greater resistance of the lignins to decomposi- 
tion and by the building up of protein material, a phenomenon already observed 
as a result of decomposition of the corn stalks. 

Because of the comparatively greater abundance of available carbohydrates 
(celluloses and hemicelluloses), the microdrganisms have brought about in the 
case of the rye straw even a greater proportional increase in the protein 
content than that which resulted from the decomposition of the corn stalks. 
This increase was naturally more marked in the presence of additional avail- 
able nitrogen. The actual increase in the protein content of the residual 
material was 100 and 140 per cent, without and with the addition of nitrogen, 
respectively. The increase in the protein content of the decomposing straw 
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without additional inorganic nitrogen is found to be largely at the expense of 
the water-soluble nitrogen compounds, which were thereby made water- 
insoluble. This is brought out in table 11. With the progress of decomposi- 
tion, there was a gradual decrease of the nitrogen soluble in cold water and a 
corresponding increase in the nitrogen hydrolizable by dilute hydrochloric acid 
and in the more resistant or so-called “humin” nitrogen, pointing to the 
building up by microérganisms of proteins and other complex organic nitrog- 
enous compounds. Practically all the nitrogen was recovered in the residual 
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Fic. 3. DECOMPOSITION OF VARIOUS CHEMICAL CONSTITUENTS OF RYE STRAW WITHOUT 
ADDITIONAL NUTRIENT SALTS 


material, pointing to three interesting considerations: (a) there is no loss in 
nitrogen, either by volatilization or reduction processes, as long as there is 
sufficient available energy for the activities of microdrganisms; (b) there is no 
gain in nitrogen, through processes of non-symbiotic fixation, when only cellu- 
loses and hemicelluloses are available as sources of energy even in the presence 
of numerous cellulose-decomposing organisms; (c) at least some of the nitrog- 
enous compounds synthesized by the microdrganisms are only slowly available 
sources of nitrogen for soil microdérganisms, otherwise the celluloses and hemi- 
celluloses would have undergone a much more rapid decomposition. 
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Fic. 4. DECOMPOSITION OF VARIOUS CHEMICAL CONSTITUENTS OF RYE STRAW WITH ADDI- 
TIONAL NUTRIENT SALTS 


TABLE 11 
Nitrogen transformation in the decomposition of rye straw 
In per cent of total material 


NO ADDITIONAL NITROGEN | AMMONIUM PHOSPHATE ADDED 
FORM OF NITROGEN Incubation Incubation 


0 66 143 386 0 66 143 386 
days | days | days | days | days | days | days | days 


Total nitrogen...............0.e eee eeee 0.24) 0.33) 0.39] 0.50) 0.31} 0.42) 0.47) 0.64 
Soluble in cold water............000e008 0.11; 0.03) 0.05) 0.02) 0.18) 0.03) 0.05} 0.02 
Soluble in hot water.............0.0000% 0 0.03) 0.04; 0.04) 0 0.03) 0.05) 0.05 
Hydrolizable by 2 per cent HC]......... 0.04) 0.08) 0.10) ....) 0.04) 0.12) 0.14) .... 


“Humin” nitrogen, not acted upon by 
autoclaving with hot 6 per cent H:SO,. .| 0.06] 0.10] 0.13) ....] 0.06) 0.10) 0.14) .... 


DECOMPOSITION OF OAK LEAVES 


The mature oak leaves were distinctly different in chemical composition 
from the corn stalks and the rye straw. The leaves were characterized by a 
high content of fats and waxes (ether-soluble fraction), a very high lignin (and 


n 
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cutin) content, and were rich in materials soluble in hot water (tannins). 
On the other hand, the celluloses and hemicelluloses were not very abundant 
in the leaves. Their nitrogen content was higher than that of either the corn 
stalks or the straw. One would expect, therefore, that the leaves should show 
a decided difference in the nature and rapidity of decomposition from that of 
the two plant materials previously reported. 


TABLE 12 
Chemical composition of mature oak leaves at different stages of decomposition, without the 
addition of nutrient salts 
On per cent basis of dry material 


ATTER DAYS OF DECOMPOSITION 


CHEMICAL CONSTITUENTS ORIOTTAL PLANT 
66 143 386 
Ether-soluble.............0ceceeceeeeeeee 3.71 3.53 2.82 1.77 
Cold-water-soluble.............eeceeeeeees 8.28 2.02 1.15 1.69 
Hot-water-soluble..............0ccceeeeeee 5.65 3.91 2.15 2.16 
Hemicelluloses............. ccc ecceeeeeeee 12.93 12.10 13.03 12.27 
Collaloses a ean sie ey tien Savile hans 13.78 11.78 10.41 8.92 
Ligning o nerea caae bee verses ceebedas 30.30 40.02 42.65 44.50 
Crude protein.......... ccc ec cece eeeeeees 4.25 6.00 6.13 7.44 
ASB E EEE 5.09 6.50 6.90 8.12 
TABLE 13 
Chemical composition of mature oak leaves at different stages of decomposition, with the addition 
of nutrient salts 


On per cent basis of dry material 


AFTER DAYS OF DECOMPOSITION 


CHEMICAL CONSTITUENTS AEEA | 
66 143 386 
Ether-soluble. ........... cece cece eee eee 3.71 2.65 1.74 0.67 
Cold-water-soluble...........0.00eeeeeeeee 8.28 1.60 1.44 2.86 
Hot-water-soluble................cceee eee 5.65 3.10 2.04 2.44 
Hemicelluloses............0.0ce0ceeeeeeees 12.93 12.59 13.27 13.25 
Cello ses nin ras innesa haces 13.78 11.90 10.94 9.23 
Lignins. isee ues eee 30.30 40.40 40.55 40.35 
Crude protein............. 0c eee e iaa 4.25 6.62 6.88 8.25 
ASN EA N A E T AET 5.09 8.00 9.00 10.33 


The chemical composition of the oak leaves at different stages of decomposi- 
tion is given in tables 12 and 13, and the actual concentration of the different 
organic chemical complexes which have undergone decomposition is recorded 
in tables 14 and 15 and figures 5 and 6. In the case of this plant material as 
well, half of the pots received inorganic salts including nitrogen and half did 
not. The composts of oak leaves were allowed to incubate under the same 
conditions as the other two plant materials and analyzed after 66, 143, and 
386 days. 
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The results show that although the leaves contained more nitrogen (0.77 
per cent) than did the corn stalks, their decomposition was considerably slower. 
It was similar to that of the rye straw, which contained only about one-third 
or less of the nitrogen content of the leaves. These differences in the rate 


TABLE 14 
Total decomposition of the various organic constituents in mature oak leaves, without the addition 
of nutrient salts 
ORGANIC SUBSTANCES LEFT, AFTER DAYS OF 
DECOMPOSITION 
ORGANIC CONSTITUENTS ORIGINAL 66 143 386 


Total Per cont Total For cent Total Percent 
residue original residue original residue original 


Em. gm. gm. sm. 
Total dry material................. 223.00 |173.00| 77.58/158 00) 70.85/129 .00) 57.85 
Ether-soluble fraction............... 8.27 | 6.11] 73.88) 4.46) 53.93} 2.28] 27.57 
Cold-water-soluble organic matter....| 18.46 | 3.49} 18.91) 1.82) 9.86} 2.18] 11.81 
Hot-water-soluble organic matter....) 12.60 | 6.76] 53.66} 3.40) 26.98] 2.79] 22.14 
Hemicelluloses...........0.0cseeeee 28.83 | 20.93] 72.54) 20.59] 71.39] 15.83) 54.91 
Celluloses............c cece cece eens 30.73 | 20.37| 66.34) 16.45] 53.54) 11.51] 37.44 
LAQKING. 6.6c cd scesis ae enpi ele tue 67.56 | 69.23/102 .47] 67.39] 99.75| 57.41] 84.97 
Crude protein................00e eee 4.25 | 10.38|/244.24) 9 69/228.00) 9.60/225 .88 
TABLE 15 
Total decomposition of the various organic constituents in mature oak leaves, in the presence 
of added nutrient salts 
ORGANIC SUBSTANCES LEFT, AFTER DAYS OF 
DECOMPOSITION 
ORGANIC CONSTITUENTS ORTON AY 66 143 386 


MATERIAL 


Total Per oral Total Per cent Total Per cent 
residue original residue original residue 


original 
tm. sm. im. em. 

Total dry material................. 223.00 {171 .00] 76.68157 .00| 70.40/125 .00) 56.05 
Ether-soluble fraction............... 8.27 | 4.53) $4.78) 2.73} 33.01] 0.84] 10.16 
Cold-water-soluble organic matter....| 18.46 | 2.74] 14.84] 2.26] 12.241 3.58) 19.39 
Hot-water-soluble organic matter....| 12.60} 5.30) 42.06] 3.20) 25.40) 3.05] 24.21 
Hemicelluloses...............0e0e0e 28.83 | 21.53] 74.63] 20.83) 72.20) 16.56] 57.44 
Celluloses...........cccceeceecees 30.73 | 20.34] 66.23] 17.18) 55.91] 11.54) 37.55 
Ligning seacor uk bade tae ees 67.56 | 68 .48/101 .36| 63.66) 94.23) 50.44] 74.66 
Crude protein. .........ceceeeeeees 4.25 | 11.32/266.35] 10.80/254.12] 10.31/242.59 


and degree of decomposition of the three plant materials lead us to the 
conclusion that the abundance of nitrogen in the plant residue undergoing 
decomposition is not the only controlling factor in the rapidity with which 
microérganisms are capable of attacking it. Actually, the addition of avail- 
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able nitrogen had no appreciable influence in hastening the decomposition of 
the leaves, as seen by the reduction in the total organic matter, as well as the 
celluloses and hemicelluloses. 

It has been found, in experiments reported previously (15), that the addi- 
tion of a small amount of available nitrogen had a decidedly favorable effect 
upon the decomposition of mature oak leaves, as measured by the evolution 
of carbon dioxide, the absorption of available nitrogen, and the decomposition 
of total organic matter, celluloses, and hemicelluloses. The fact, however, 
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Total Cold-water~ Honi- Ce2luloses Lignine Crude 

material soluble celluloses protein 

@, Original material; d, Left after 66 days of dec sition; c, Left after 145 days 
of decomposition; d, Left after 386 days of deccuposition. 


Fic. 5. DECOMPOSITION OF VARIOUS CHEMICAL CONSTITUENTS OF OAK LEAVES WITHOUT 
ADDITIONAL NUTRIENT SALTS 


that in these experiments no such striking differences have been found, do 
not indicate a possible discrepancy between these two sets of data. The 
difference is due entirely to the fact that in the previous investigations only 
a short period of incubation (28 days) was employed; in these studies, however, 
the first analysis was made only after 68 days of incubation. In other words, 
even in the case of a plant material with 0.77 per cent nitrogen, the addition 
of a small amount of available nitrogen will exert a stimulating effect upon 
its decomposition during the early stages. However, when decomposition 
has advanced, there will be sufficient nitrogen liberated from the degradation 
of the plant proteins to take care of the celluloses and hemicelluloses. This 
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is true especially in the case of a material like oak leaves, the decomposition 
of which, due to the high lignin, tannin, and wax contents, is considerably 
delayed, when compared with that of straw and corn stalks. Even in the early 
periods of incubation, the effect of additional nitrogen upon the decomposition 
of the oak leaves was considerably less than upon the decomposition of rye 
straw and corn stalks, as shown in the earlier contribution (15). 

Although the water-soluble substances of the oak leaves decomposed very 
rapidly, the celluloses and hemicelluloses resisted decomposition more than 


Per cent of original 


Total Colá-water- Hemi- Celluloses Lignine Crude 


material soluble celluloses protein 
s; Original material; b»; Left after 66 days of decomposition; c, Left after 143 days 
o 


decomposition; d, Left after 386 days of decomposition. 


Fic. 6. DECOMPOSITION OF VARIOUS CHEMICAL CONSTITUENTS OF OAK LEAVES WITH 
ADDITIONAL NUTRIENT SALTS 


in the case of the two other plant materials. This is due, not to the lack of 
the available nitrogen, as found in the case of the rye straw, but to the abun- 
dance of the lignins. It has been shown elsewhere (13) that the lignins are 
not only resistant to decomposition, but they even delay the disintegration of 
the celluloses. The removal of the lignins from a plant residue hastens the 
decomposition of the celluloses. In the case of the oak leaves, the lignins 
remained practically undecomposed, until a year had passed, and only then a 
small fraction had disappeared, the nature of the change still remaining 
undetermined. 

The crude or water-insoluble proteins have also increased in the case of the 
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oak leaves. Where nitrogen was added in the form of ammonia, it was changed 
rapidly into organic nitrogen by the synthetic action of the microdrganisms. 
When no inorganic nitrogen was added, the water-soluble nitrogen compounds 
disappeared, giving rise to water-insoluble nitrogenous complexes. This is 
brought out in table 16. 

When the results of the decomposition of mature oak leaves are compared 
with that of green oak leaves, as reported elsewhere (16), marked differences 
are observed, due entirely to differences in the chemical composition of the 
two kinds of leaves used in both experiments. The younger leaves were 
richer in water-soluble constituents and in nitrogen, and poorer in lignins. 
As a result of these differences, the younger leaves decomposed much more 
rapidly, large amounts of nitrogen actually becoming liberated in the form 


TABLE 16 
Nitrogen transformation in the decomposition of oak leaves 
In per cent of total material 


NO ADDITIONAL NITROGEN AMMONIUM PHOSPHATE ADDED 
FORM OF NITROGEN Incubation Incubation 
0 66 | 143 | 386 0 66 | 143 | 386 
days | days | days | days | days | days | days | days 
Total nitrogen. ............e eee ees 0.77 | 1.03] 1.06] 1.26) 0.87 | 1.15} 1.20]-1.43 
Soluble in cold water............... 0.09 | 0.02) 0.04) 0.03} 0.19 | 0.04} 0.05) 0.04 
Soluble in hot water................ Trace | 0.05] 0.04] 0.05] Trace | 0.05] 0.05] 0.07 
Hydrolizable by 2 per cent HCl..... 0.18 | 0.17) 0.22) ....] 0.18 | 0.21) 0.27] .. 
“Humin” nitrogen, not acted upon 
by autoclaving with 6 per cent 
BS goss sie vsadhecisciacensaecne 0.30 | 0.47) 0.53] 0.49] 0.30 | 0.49) 0.53] 0.53 


of ammonia even within a period of six months of decomposition under 
aerobic conditions. 


DECOMPOSITION OF ALFALFA 


The chemical composition of the alfalfa plant used in these experiments 
differed considerably from that of the other three plant materials. As a 
representative of the group of leguminous plants, it was characterized by a 
high nitrogen content, a large part of which was water-soluble. It contained 
also the largest amount of cold-water-soluble substances, which is the fraction 
previously found to disappear most rapidly when a plant is undergoing 
decomposition. The alfalfa also contained the lowest lignin content; this 
would tend to favor further the ease of its decomposition. One would expect 
from an analysis of the chemical composition of this material that it should 
undergo rapid disintegration, especially during the early stages. 

It has been shown previously (15), that when a plant material contains 
about 1.7 per cent nitrogen it undergoes rapid decomposition even when no 
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additional nitrogen is available. In view of the fact that the alfalfa con- 
tained more than this amount of nitrogen, the addition of inorganic nitrogen 
should not exert any favorable effect upon the rapidity of its decomposition. 
This was actually found to be the case. The decomposing alfalfa receiving 
ammonium phosphate and calcium carbonate actually decomposed more 


TABLE 17 
Chemical composition of alfalfa at different stages of decomposition, without the 
addition of nutrient salts 
On per cent basis of dry material 
ORIGINAL AFTER DAYS OF DECOMPOSITION 
CHEMICAL CONSTITUENTS PLANT 

MATERIAL |] <37 68 205 405 
Ether-soluble...........0..cceeeeceeeeeeeees 2.15 | scares 1.90 | 0.71 | 0.90 
Cold-water-soluble............ 0 ccc eee eee eeees 12.44 | 12.55 | 11.08 | 9.16 | 11.15 
Hot-water-soluble.......... ccc eeee cece eeeee 4.80] 5.13] 7.13 | 6.50] 6.34 
Hemicelluloses............ cc cece enserre 8.52 | 6.24 | 6.39 | 7.29 | 8.22 
Cellulosës i iarrainn ae aN 26.71 | 22.63 | 16.48 | 15.15 | 15.90 
Vigmins ene ranea o aan Ea ces 10.78 | 15.12 | 14.85 | 18.37 | 16.08 
Crude protein. ......... i nennir i s 8.13 | 8.43 | 7.31 | 10.31 | 9.18 
ASH EA EE AE E 10.30 | ..... ] ..... 23.43 | 24.88 

TABLE 18 
Chemical composition of alfalfa at different stages of decomposition, with the addition 
of nutrient salts 
On per cent basis of dry material 
ORIGINAL AFTER DAYS OF DECOMPOSITION 
CHEMICAL CONSTITUENTS PLANT 
i MATERIAL || 7-27 68 205 405 

Ether-soluble......... 0... cece cece eee eeeene 21S: | assas 2.02 | 1.08 | 0.60 
Cold-water-soluble............. 0... cece eee eee 12.44 | 10.10 | 10.87 | 8.23 | 9.81 
Hot-water-soluble............. 00. sees eee eee 4.80 | 4.34 | 5.56] 5.94] 6.69 
Hemicelluloses...........cc sce e cece ence eens 8.52] 6.15 | 6.19] 8.07 | 7.16 
Celulose enin 86 16 bee eae i tes 26.71 | 26.00 | 19.31 | 17.22 | 17.55 
DAQMING 3 ci a T ede E TEE 10.78 | 14.91 | 16.51 | 16.98 | 15.62 
Crude protein.......... 0c cece cece eee ence ees 8.13 | 7.94] 8.50 | 12.25 | 8.56 
Ashita, ciev cede cacd san Geninmie E ST 10.30] ..... | ..... 25.54 | 27.88 


slowly than the material not receiving any additional salts. This can be 
explained as follows: the rapid decomposition of the alfalfa, rich in soluble 
nitrogen, led to an abundant liberation of ammonia. Because the compost 
was enclosed in a covered pot, the reaction became alkaline. The addition 
of ammonium phosphate and calcium carbonate tended to make the reaction 
even more alkaline, so that the ammonia actually saturated the atmosphere 
of the compost; this resulted in a considerable depression of many groups of 
organisms, notably of the fungi and various bacteria. This depression had a 
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TABLE 19 


Total decomposition of the various organic constituents of alfalfa, without the 


addition of nutrient salts 


ORGANIC SUBSTANCES LEFT, AFTER DAYS OF DECOMPOSITION 


J 27 68 205 405 
ORGANIC CONSTITUENTS E É 3 3 s E Se 3 3 
2] aa) 2 led] a | ea] ilg 
$ 8; SSj E Bg 
3 j5] 2 |5| 2 [st] 2 |5 
& JÀ Be |À Be JÀ a À 
em. gm. em. gm. gm. 
Total dry material....... 260.00 {181 .00/70 00/151 .80/58 .40|119 . 10/45 .80/100.00) 38.50 
Ether-soluble fraction....{ 7.15 }......]..... 2.88;40.28; 0.85/11.89/ 0.90) 12.59 
Cold-water-soluble organic 
matter............000 32.34 | 22.72/70.25} 16.82/52.01] 10.91/33.74| 11.15} 34.48 
Hot-water-soluble organic 
matter..........006. ..| 12.48 | 9.29|74.44) 10.82/86.70} 7.74162.02} 6.34] 50.80 
Hemicelluloses........... 22.16 | 11.29|50.94) 9.70/43.77| 8.68/39.17} 8.22) 37.09 
Celluloses.............4. 69.45 | 40.95/58 96) 25 .02/36.03] 18.04/25 .98] 15.90] 22.89 
Lignins............... ..| 28.02 | 27.37/97 .68| 22.54/80.44} 21.88/78 .09) 16.08) 57.39 
Crude protein...........{ 21.14 | 15.27/72.23) 11.10/52.51) 12.28/58.09] 9.18) 43.42 
TABLE 20 
Total decomposition of the various organic constituents of alfalfa, with the addition 
of nutrient salts 
ORGANIC SUBSTANCES LEFT, AFTER DAYS OF INCUBATION 
27 68 205 405 
ORIOINAL Z a La 
ORGANIC CONSTITUENTS MATERIAL 3 3 E 3 É e] 3 3 
ijala lal ijg 
2 le*| 2 [e*| 2 la'| 2 [ae 
gm. em. gm. gm. om. 
Total dry material........ 260.00 |207 .00/79 62/151 .89/58 .40)116 00/44 . 50/109 .80|42 .20 
Ether-soluble fraction.....} 7.15 |......J..... 3.07/42.94) 1.25j17.48| 0.66) 9.23 
Cold-water-soluble organic 
matter..........0.e000% 32.34 | 20.71/64.04| 16.51/51.05; 9.55/29.53) 10.77/33.30 
Hot-water-soluble organic 
matter........seeeeeees 12.48 | 8.90)71.31) 8.44167.63} 6.89/55.21] 7.35158.89 
Hemicelluloses............ 22.16 | 12.60|56.86) 9.40/42.42) 9.36/42.24) 7.86/35 .47 
Celluloses................ 69.45 | 53.30|76.75| 29.32/42 .22] 19.98/28.77| 19.27/27 .75 
Lignins.................. 28.02 |......]..... 25.07/89 .47) 19.70)70.31) 17.15]/61.21 
Crude protein............ 21.14 | 16.28)77.01) 12.91/61 .07) 14.21167.22] 9.40/44.47 
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marked effect upon the rapidity of decomposition of some of the organic 
complexes in the alfalfa, especially of the celluloses. 

Tables 17 and 18 give the chemical composition of the alfalfa at the different 
stages of decomposition. Analyses were made after 27, 68, 205, and 405 days 
of incubation at 25-27°C. Tables 19 and 20 and figures 7 and 8 give the total 
amounts of the various chemical constituents in the residual matter, at the 
different periods of incubation. 

A comparison of the rapidity of decomposition of corn stalks, rye straw, 
and alfalfa, as measured by the evolution of carbon dioxide, has shown (15) 


125 
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3 8 
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Total Cold-waten. Honi- Celluloses Crude 
material soluble celluloses Hein protein 

@, Original material; b, Left after 27 days of decomposition; o, Left after 68 daye of degen 
position; a, Left after 205 daye of decomposition; e, Left after 405 days of decompositiog, 


Fic. 7. DECOMPOSITION oF VARIOUS CHEMICAL CONSTITUENTS OF ALFALFA WITHOUT 
ADDITIONAL NUTRIENT SALTS 


that the alfalfa decomposed far more rapidly than did the other two materials, 
However, when a long period of incubation is used, the alfalfa is found to 
leave a considerably larger amount of residual material than do the corn 
stalks. This is due primarily to the artificial conditions under which these 
studies were carried out. The rapid accumulation of ammonia as a result of 
the protein decomposition in the nitrogen-rich alfalfa prevented a rapid 
development of the fungi and various bacteria, which accounts for the larger 
amount of celluloses and hemicelluloses that remained undecomposed than in 
the case of the corn stalks. 

The lignins of the alfalfa were also more resistant to decomposition than the 
other organic complexes. Although the relative protein content of the 
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compost tended to increase with the advance of decomposition, especially 
within the first 205 days, the total protein content diminished rapidly. This 
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Fic. 8. DECOMPOSITION OF VARIOUS CHEMICAL CONSTITUENTS OF ALFALFA WITH ADDITIONAL 
NUTRIENT SALTS 


FORM OF NITROGEN 


Total nitrogen............. cece eee aee 
Ammonia nitrogen................0005 
Soluble in cold water.................. 
Soluble in hot water................08. 
Hydrolizable in 2 per cent HCl......... 
“Humin” nitrogen, not acted upon by 

autoclaving with 6 per cent H,SO,.... 


TABLE 21 
Nitrogen transformation in the aerobic decomposition of alfalfa 
In per cent of total material 


NO ADDITIONAL NITROGEN 


0 


0 


27 68 
days | days 


2.582.632 .70 
0.391 .66 
0.930.980.780 .57 
0.350.300.3910 .38.0 .32 
0.590.380 .47| . . . 10.62 


0.3710.45 


Incubation 


205 
days 


405 


days days 


2.60,2.40 


0.61 


0.41 0.39034 


0 
days 


2.66 
0.08 
1.01 
0.35 
0.59 


ba 


27 | 68 
days |'days | days | days 


AMMONIUM PHOSPHATE ADDED 


Incubation 


205 | 405 


2 ..32)2 .47/2 80/2 .32 
10.51 
0.79.0.75.0.59,0.65 


1.68 


0.26'0.36!0.35'0.30 
0.37/0.51|....|0.57 


0.42 0.49.0 .47/0 .38 


is the opposite of what has taken place in the case of the other three plant 
materials and is due to the initial high protein content of the alfalfa. This is 


brought out in table 21. 


The total nitrogen remained at about the same 
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level, whereas the water-soluble nitrogen disappeared only partly. There was 
also no marked accumulation of proteins readily hydrolizable by dilute (2 per 
cent) hydrochloric acid and of the non-hydrolyzable, so-called “humin” 
nitrogen. These facts are again distinctly different from those which have 
been found in the case of the nitrogen-poor plant materials. 


DISCUSSION 


An analysis of the data dealing with the decomposition of four different 
plant materials, varying markedly in origin and in chemical composition, 
brings out some illuminating facts. These can be summarized as follows: 
the rapidity and nature of decomposition of plant residues under aerobic condi- 
tions depend primarily upon the chemical composition of the particular plant 
materials, l 

Among the various chemical constituents of the plant materials which may 
influence their decomposition, the following deserve careful consideration: 


1. The amount and nature of the constituents which are soluble in cold water. 
2. The abundance of the celluloses and hemicelluloses. 

3. The amount and nature of the nitrogenous complexes., 

4. The abundance of the lignins. 


The greater the amount of water-soluble material in a plant residue the 
more rapid will be its decomposition, especially during the early stages. This 
is easy to understand, since the water-soluble fraction comprises the simple 
sugars, amino acids, soluble salts,—substances all readily used by a great 
number of microérganisms, both fungi (especially the Phycomycetes) and 
bacteria (especially the spore-forming organisms). The younger a plant is, 
the higher is its content of water-soluble substances. The decrease in the 
rapidity of decomposition with the increase in age of plant is due, among 
other factors, to a decrease in this group of plant constituents. Further, the 
decomposition of sugars, organic acids, and other water-soluble organic com- 
plexes can be carried on in the soil by both aerobic and anaerobic bacteria, 
which are capable of using gaseous atmospheric nitrogen; hence, the amount 
and availability of the nitrogen are not controlling factors in the decomposi- 
tion of these organic materials. 

The most abundant groups of constituents in the various plant residues 
which undergo decomposition in the soil or in manure are the celluloses and 
hemicelluloses. Usually they make up about 50 to 65 per cent of the sum 
total of the dry plant material. Their decomposition is carried out by certain 
groups of fungi and specific bacteria. These organisms synthesize con- 
siderable cell substance in the process of decomposition of the celluloses. 
For this purpose a certain amount of available nitrogen is required. Hence the 
decomposition of the celluloses and hemicelluloses depends upon the presence 
of organisms capable of decomposing them and upon the amount of avail- 
able nitrogen. 
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The celluloses are usually not present in the plant residues in a free condi- 
tion but are combined largely with lignins, in the form of ligno-celluloses. 
Whether the combination is chemical or physical in nature, the presence of 
lignin markedly influences the ability of the microdrganisms to decompose the 
celluloses. The various chemical treatments which have in view an increase 
of digestibility by animals of plant residues high in lignins consist in the partial 
dissolution of the lignins. The lignins themselves are decomposed by micro- 
organisms (with certain few exceptions, as in the case of some wood-destroying 
Hymenomycetes) only to a very limited extent, even under aerobic condi- 
tions. A long time may elapse before any measurable reduction in the lignins 
will be observed. 

It must be kept in mind that the decomposition processes taking place in 
these studies were carried out at an optimum temperature and moisture; the 
conditions were also favorable for the activities of aerobic organisms. But 
even under these conditions, the decomposition of the lignins has been very 
limited in comparison with that of the celluloses and other organic complexes. 
In the case of the corn stalks with nutrients, there was left, after 405 days of 
decomposition, 20.30 per cent of the total organic matter, 3.83 per cent of the 
cellulose, and 42.49 per cent of the lignin. In the case of the rye straw, there 
was left, after 386 days incubation, 55.23 per cent of the total organic matter, 
37.28 per cent of the cellulose, and 69.61 per cent of the lignin. In the case 
of the oak leaves, there was left, after 386 days decomposition, 56.05 per cent 
of the total organic matter, 37.55 per cent of the cellulose, and 74.66 per cent 
of the lignin. In the case of the alfalfa, there was left, after 405 days of 
decomposition, 42.20 per cent of the total organic matter, 27.75 per cent of 
the cellulose, and 61.21 per cent of the lignin. In other words, all the four 
plant materials, obtained from different sources and varying markedly in 
chemical composition, behaved alike as far as the lignins were concerned. 
The reduction of the lignins was considerably less than that of the total plant 
residues and much less than any of the other organic plant constituents. 

The behavior of the nitrogen complexes deserves also special consideration. 
The rapid increase in the protein content as a result of the decomposition of 
plant residues with a low nitrogen content has been definitely established. 
That this protein is a result of the synthesizing activities of the microdrgan- 
isms and that a definite ratio exists between the amount of cellulose decom- 
posed and the nitrogen transformed from an inorganic into an organic form 
has been amply demonstrated previously. On the other hand, the results 
on the decomposition of alfalfa, a plant residue with a nitrogen content 
greater than 1.7 per cent, showed a decrease of the total protein, although 
accompanied at the same time by an increase in the relative nitrogen content 
of the decomposing material. In other words, even in the case of a protein- 
rich plant material, the processes of decomposition were accompanied by 
synthesis of new proteins, so that the nitrogenous complexes which resulted 


82 FLORENCE G. TENNEY AND SELMAN A. WAKSMAN 


from the decomposition of the alfalfa are of an entirely different nature from 
the original plant proteins. 

Among the other organic constituents of the plant residues undergoing 
decomposition, the hot-water-soluble fraction deserves some consideration. 
This fraction has decreased to a less extent than many of the other groups of 
plant complexes. It is quite distinct from the cold-water-soluble fraction in 
that it is reduced much less rapidly than the latter. This is due to two 
factors: (a) Hot water extracts certain complexes, like the tannins, which 
are quite resistant to decomposition; (b) the microdrganisms synthesize various 
substances soluble in hot water but not in cold water. 

The ether-soluble fraction comprises also a heterogeneous group of com- 
plexes, including various oils, fats, waxes, and sterols. Some of these decom- 
pose quite rapidly, whereas others are very resistant to decomposition. This 
is largely the reason why the ether-soluble fraction of alfalfa or corn stalks 
decomposed readily whereas that of the straw proved to be much more resistant 
to decomposition. 


SUMMARY 


1. The decomposition of four plant materials; namely, corn stalks, rye 
straw, oak leaves, and alfalfa plants, has been studied under aerobic condi- 
tions, in the presence of an optimum amount of moisture and at 25-27°C, 

2. The processes of decomposition have been followed by determining the 
disappearance of the total organic matter as well as of the more important 
groups of organic complexes. 

3. The nature and rapidity of decomposition of different plant materials 
are markedly influenced by their chemical composition, provided the condi- 
tions for decomposition are the same. 

4. The decomposition of the sugars, celluloses, hemicelluloses, fats, and 
proteins account for most of the decomposed plant materials. 

5. The lignins are more resistant to decomposition and tend, therefore, to 
accumulate. Under aerobic conditions, however, there is a decided reduction 
in the total lignin content, indicating that, although it is attacked less readily 
than the celluloses and proteins, its resistance to decomposition is only relative. 

6. In the case of plant materials with a low nitrogen content (0.2 to 1.7 
per cent), the decomposition of the organic matter is accompanied by a rela- 
tive and absolute increase in the crude protein content. This is due to the 
synthesizing activities of the microérganisms, which obtain their energy from 
the decomposition of the celluloses and hemicelluloses. 

7. The celluloses and hemicelluloses, including the pentosans, disappear 
more rapidly than can be accounted for by the reduction in total organic 
matter. This is balanced by the accumulation of the lignins and proteins. 

8. Among the other synthesized products, the hemicelluloses occupy a 
prominent place. This is partly accounted for by the fact that, although the 
pentosans comprising most of the hemicelluloses in the plant material begin 
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to decompose more rapidly than the celluloses, toward the end of decomposi- 
tion there is left more hemicellulose than cellulose. 

9. The addition of available inorganic nitrogen salt hastens the decomposi- 
tion of celluloses and hemicelluloses, hence of those plant materials which are 
rich in celluloses and hemicelluloses and poor in proteins. 

10. The residues left, after the plant materials have decomposed for a 
period of 12 to 14 months at an optimum temperature and moisture and 
under aerobic conditions, possess all the properties of soil organic matter or 
soil “humus.” This is true especially of the corn stalks which have undergone 
most rapid decomposition. 

11. This residual organic matter or “humus” is made up chiefly of lignins 
or modified lignin complexes largely of plant origin, of proteins and other 
complex organic nitrogenous compounds largely of microbial origin, of hemi- 
celluloses partly of plant and partly of microbial origin, of a small amount of 
celluloses undergoing decomposition, and of varying concentrations of a 
number of different other organic complexes either in the process of decomposi- 
tion, resistant to decomposition, or products of decomposition. 

12. This residual material or “humus” is not in a state of equilibrium but 
undergoes continuous change, the rate of change becoming constantly slower, 
approaching that of the soil “humus.” 
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